Observational benchmarks of global and regional aerosol direct radiative effects, over all surfaces and all sky conditions, are generated using CloudSat's new multisensor radiative fluxes and heating rates product. Improving upon previous techniques, the approach leverages the capability of CloudSat and CALIPSO to retrieve vertically resolved estimates of cloud and aerosol properties required for complete and accurate assessment of aerosol direct effects under all conditions. The global annually averaged aerosol direct radiative effect is estimated to be 21.9 W m 22 with an uncertainty range of 60.6 W m
Introduction
Aerosols directly alter radiative flux exchanges between the surface and the top of the atmosphere (TOA) by scattering and absorbing shortwave radiation (Yu et al. 2006) . Known as aerosol direct radiative effects (DRE), these interactions play a significant yet still uncertain role in climate. Large uncertainties in global estimates of DRE currently exist as a result of incomplete knowledge of aerosol and environmental characteristics (Anderson et al. 2005; Jaeglé et al. 2011; Satheesh and Krishna Moorthy 2005) . Reducing these uncertainties requires improved understanding of aerosol optical properties (e.g., aerosol optical depth, asymmetry parameter, and single scattering albedo) and the albedo of the underlying surface (Hansen et al. 1997; Myhre et al. 2005) .
While aerosol DRE may be evaluated at any level of the atmosphere, the two most important levels to consider from a radiative balance perspective are the TOA and surface. Aerosol direct effects at the TOA represent the overall impact of aerosols on global radiative balance, whereas surface direct radiative effects govern the partitioning of these impacts between the atmosphere and ocean. The latter has important implications for the role of aerosols in the climate system since the atmosphere and ocean respond to external forcings on very different time scales. At the TOA, scattering aerosols typically exert a negative DRE, while absorbing aerosols produce a negative DRE over dark surfaces (e.g., ocean) and a positive DRE over bright surfaces (e.g., sea ice and desert) or bright clouds. A positive DRE at the TOA represents an addition of energy to the Earth-atmosphere system (a net warming effect) whereas a negative DRE denotes a loss of energy (a net cooling effect) (Yu et al. 2006) . Since both absorbing and scattering aerosols reduce the energy incident at the surface, aerosol DRE at the surface is always negative.
Global climate models, while providing useful benchmarks for global estimates of DRE, have been shown to exhibit deficiencies in their ability to correctly represent the optical properties and relative positions of clouds and aerosols (Schulz et al. 2006; Kay et al. 2012) . Quijano et al. (2000) and Penner (2003) , for example, demonstrate that models must correctly place overlapping cloud and aerosol layers in the vertical to accurately compute radiative fluxes. Likewise, Chung et al. (2005) show that uncertainty in the modeled direct radiative forcing of anthropogenic aerosols ranges sixfold (from 20.1 to 20.6 W m
22
) depending on the relative vertical distributions of aerosols and clouds. Improving the model representation of aerosol radiative effects in cloudy regions is therefore critical for improving global assessments of aerosol climate forcing. It follows that high-quality observations of the relative placement of aerosols and clouds are necessary for validating and effectively constraining climate model simulations of aerosol radiative effects (Chin et al. 2009 ).
As satellite remote sensing remains the only means of observing the large spatial and temporal variability in aerosol properties, satellite observations have been used extensively to perform global estimates of DRE (Chin et al. 2009; Yu et al. 2006; Bergamo et al. 2008; Di Biagio et al. 2010) . However, the passive sensors that lie at the root of many previous studies measure column-averaged properties and have limited capabilities to resolve the vertical distributions of clouds and aerosols. Retrievals of aerosol properties from passive sensors are often impossible or highly biased in the presence of clouds and over bright surfaces, which severely limits our ability to quantify DRE in cloudy skies or over many land areas Kaufman et al. 2005) . With coverage limited to cloud-free oceans, passive satellite-based estimates of DRE range from 24 to 26 W m 22 (Bellouin et al. 2005; Loeb and Manalo-Smith 2005; Yu et al. 2006; Myhre et al. 2007 ).
Satellite remote sensing of aerosols over cloud and land surfaces, while previously elusive, is now possible using a combination of active and passive sensors (Torres et al. 2007; Omar et al. 2009; de Graaf et al. 2012; Waquet et al. 2009; Patadia et al. 2008) . These new measurements are critical since clouds modify the radiative effects of aerosols by altering the underlying surface albedo (Haywood 2003; Myhre et al. 2005) . While aerosols typically exert a negative DRE, absorbing aerosols residing over a bright cloud can produce a positive DRE (Chand et al. 2009; Wilcox 2012) . The strength of the warming effect from absorbing aerosols is highly sensitive to the reflectance and coverage of any underlying clouds, highlighting the need for collocated cloud and aerosol measurements .
This study seeks to overcome previous observational limitations using new multisensor aerosol, cloud, and radiative flux products from the A-Train satellite constellation (L'Ecuyer and Jiang 2010). The dataset features collocated observations from CloudSat, CALIPSO, MODIS, and AMSR-E sensors, specifically designed to identify the precise location of clouds and aerosols and provide vertically resolved estimates of water contents, cloud particle size, and aerosol optical depth (AOD). This combination of active and passive observations provides the unique opportunity to estimate aerosol radiative effects in historically poorly sampled regimes including those above clouds and over land surfaces. The unprecedented ability of these sensors to resolve the vertical structure of clouds and aerosols thus offers unique insights into the complex role clouds play in modulating aerosol direct effects.
Given recent advances in satellite remote sensing of clouds and aerosols, it is necessary to revisit global assessments of aerosol direct effects. This work is motivated by two expected outcomes. First, the combination of active and passive observations will provide a more complete estimate of global DRE than conventional estimates based exclusively from passive observations. Second, biases in modeled DRE will be largest over regions where cloud fields are poorly simulated (e.g., stratocumulus over the southeastern Pacific). Given that clouds have been shown to exert significant influence on aerosol direct effects, biases in modeled DRE may be larger over regions where cloud cover is poorly simulated in models. Such errors, in turn, have potentially strong implications for the ability of models to simulate anthropogenic aerosol radiative forcing. If clouds impact the radiative effects of all aerosols, then it follows that clouds also impact the radiative forcing of anthropogenic aerosols.
Here we present new estimates of the global distribution of aerosol direct effects, in both clear and cloudy skies, using a novel approach that leverages the strengths of CloudSat and CALIPSO. These new estimates are used to evaluate the simulated representation of aerosol direct effects in the Community Earth System Model (CESM). While the modeled estimate of global, annually averaged DRE agrees well with the new observational estimate, large regional biases exist. These biases likely result from a combination of errors in aerosol sources, aerosol optical properties, and cloud cover. Assessing the model representation of aerosols has been discussed in greater detail elsewhere (Lamarque et al. 2013; Liu et al. 2012; Neale and Chen 2010) . Here, the new capability of A-Train sensors to estimate aerosol radiative effects over all surfaces and in all sky conditions will be used to assess the contribution of cloud cover biases to errors in CESMsimulated aerosol radiative effects.
Datasets
a. CloudSat's 2B-FLXHR-lidar data product CloudSat's level 2B radiative fluxes and heating rates with lidar (2B-FLXHR-lidar) data product provides observationally constrained radiative transfer calculations of broadband radiative fluxes and heating rates (Henderson et al. 2013) . Vertical distributions of liquid and ice cloud effective radii and water contents from CloudSat's level 2B cloud water content product (2B-CWC) are combined with temperature and humidity profiles from the European Centre for Medium-Range Weather Forecasts (ECMWF) analyses as well as surface albedo and emissivity data from the International Geosphere-Biosphere Programme (IGBP) global land surface classification. Collectively, these data initialize a broadband radiative flux model, known as BUGSrad, to compute vertical profiles of radiative fluxes and heating rates.
BUGSrad is a two-stream, adding-doubling solution to the radiative transfer equation introduced by Ritter and Geleyn (1992) . The model assumes a plane-parallel atmosphere over the 1.4 km 3 1.8 km CloudSat field of view. Molecular absorption and scattering is computed using the correlated-k method of Fu and Liou (1992) . The delta-Eddington approximation is applied over six shortwave bands and a constant-hemisphere approximation is applied over 12 longwave bands. The bands are then weighted and combined into broadband estimates of shortwave and longwave fluxes. Finally, the algorithm computes the pressure derivative of net radiative flux to derive vertical atmospheric heating rates:
The resulting fluxes and heating rates are output for each CloudSat footprint at a vertical resolution of 240 m, forming the standard CloudSat radar-only 2B-FLXHR data product (L'Ecuyer et al. 2008) . The 2B-FLXHRlidar data product used in this study builds on the basic 2B-FLXHR framework to include several refinements that are particularly relevant for evaluating aerosol direct effects (Henderson et al. 2013) . By including coincident lidar observations from CALIPSO and radiance measurements from MODIS, the representation of thin cirrus, marine stratocumulus, and aerosols have all been improved in the radiative flux calculations.
Radiative flux calculations are further constrained using vertically resolved satellite observations of cloud, precipitation, and aerosol properties. Cloud location in 2B-FLXHR-lidar is determined based on CloudSat's level 2B geometrical profiling with lidar product (2B-GEOPROFlidar) and cloud properties are assigned based on a combination of CloudSat's radar-only 2B-CWC product (2B-CWC-RO), the MODIS-based level 2B cloud optical depth product (2B-TAU), and CALIPSO's version 3 products. Precipitation location and intensity are identified using CloudSat's level 2C precipitation column algorithm (2C-PRECIP-COLUMN) product, which retrieves cloud and rain liquid water contents and estimates the vertical extent of liquid precipitation in the column. CALIPSO lidar backscatter retrievals supply the aerosol information used in the 2B-FLXHR-lidar data product. The location and optical depth of aerosols are obtained from CALIPSO's 5-km aerosol layer product, while aerosol types and vertical distribution are retrieved using CALIPSO's vertical feature mask product (Vaughan et al. 2009 ).
Aerosols are classified by type using the CALIPSO aerosol models, based on a cluster analysis of AERONET measurements as described in Omar et al. (2009) . Each aerosol layer is assigned a value of single scattering albedo and asymmetry parameter based on the CALIPSO 532-nm aerosol optical depth and mean radius, using a technique similar to that employed in the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) global transport model (Takemura et al. 2002) . Table 1 summarizes the mean optical properties of the six CALIPSO aerosol types in the Given that radiative fluxes are calculated using a radiative transfer model, aerosol-free conditions can be readily simulated by simply setting all aerosol fields to zero. The algorithm performs two independent sets of flux calculations-one with aerosol included and another with aerosol artificially removed-so that DRE may be computed as the difference in net radiative flux (downwelling minus upwelling) between the two sets of outputs:
This satellite-based approach to quantify aerosol DRE mimics that adapted to compute DRE from climate model simulations, thus providing a more direct means for comparing against model output. As previously mentioned, this study only considers the shortwave DRE at the top of the atmosphere. To account for the diurnal cycle of solar insolation, the radiative transfer calculations simulate all possible zenith angles in 2-h increments. The average of the resulting fluxes approximates the diurnal mean but does not account for diurnal variations in cloud cover. Although release 4 of the 2B-FLXHR-lidar dataset uses temperature and humidity from ECMWF analyses, it should be noted that the source of temperature and humidity information has a negligible effect on the estimates of aerosol DRE analyzed here since they derive from flux differences.
b. Uncertainties
Any uncertainties in CALIPSO aerosol retrievals will ultimately influence the 2B-FLXHR-lidar estimates of aerosol radiative effects. It is important to note, however, that these uncertainties are likely much smaller than those encountered in individual scenes or limited field experiments resulting from significant reduction of random errors over the large space and time scales analyzed. The global median relative difference between AERONET and CALIPSO AOD, for example, is 25% for AOD greater than 0.1, with differences possibly resulting from cloud contamination, scene inhomogeneity, instrument view angle differences, CALIPSO retrieval errors, and detection limits (Omar et al. 2013 ). Additional validation studies have revealed a low bias in CALIPSO estimates of AOD with respect to other global measurements and retrievals (Redemann et al. 2012; Schuster et al. 2012 ). Recent studies have also shown that CALIPSO may suffer from uncertainty in the classification of aerosol types (Omar et al. 2013) , can misclassify dense aerosol layers as clouds (Schuster et al. 2012) , and may fail to detect aerosols with low AOD, especially in the presence of clouds (Kacenelenbogen et al. 2014) .
To assess the uncertainty in simulated fluxes due to errors in CALIPSO aerosol products, Henderson et al. (2013) conducted several sensitivity studies where 1) CALIPSO AOD retrievals were increased and decreased by a factor of 2, a conservative approximation to the error estimates of Kittaka et al. (2011) , 2) all nonmarine aerosols were changed to smoke, 3) all nonmarine aerosols were changed to dust, and 4) all smoke aerosols were changed to dust. Given that the goal here is not to perfectly represent small spatial and temporal variations in aerosol properties but rather to assume characteristics that are reasonably representative of large-scale mean conditions, the variance between these five cases provides conservative bounds on the potential error in simulated fluxes resulting from both retrieval errors and errors in assumed single scattering properties. All uncertainties reported on the subsequent figures derive from the standard deviation of these individual assessments (five perturbed estimates and the original unperturbed estimate), assuming that the error sources are independent and uncorrelated.
c. Community Earth System Model
CESM is a fully coupled global climate model that provides state-of-the-art representations of Earth's past, present, and future climate. The model architecture consists of five geophysical component models that simultaneously simulate Earth's atmosphere, ocean, land surface, sea ice, and land ice (Hurrell et al. 2013) . All five models communicate using a central coupler component within a fully coupled model environment. Physical atmospheric processes are represented using version 5.1 of the Community Atmosphere Model (CAM5), which offers several improvements over its predecessor, CAM4, including an enhanced treatment of stratusradiation-turbulence interactions, shallow convection, and stratiform microphysics (Neale and Chen 2010) . In CESM1(CAM5), aerosols may exist attached to hydrometeors or as interstitial particles (suspended in clear or cloudy air) that can be transported in three dimensions. The CAM5 simulation invokes the three-mode prognostic Modal Aerosol Model (MAM) scheme (Liu et al. 2012 ) and the Rapid Radiative Transfer Model for GCMs (RRTMG) radiation scheme, which features a distinct set of aerosol and aerosol-free radiation calculations similar to those employed in the 2B-FLXHRlidar algorithm (Worley and Craig 2012) .
The present study analyzes model output from a fully coupled CESM1(CAM5) ensemble member (denoted as b.e10.B20TRC5CN.f09_g16.001) simulated at 18 spatial resolution. Simulated estimates of monthly-mean DRE are analyzed over the time period of 2000-05, which represents a subset of the full simulation that runs from 1850 to 2005. Although the specific time periods differ between the model and observations, this difference has a limited effect on the results since interannual variability in DRE is sufficiently small (less than 60.03 W m 22 between both datasets) compared to discrepancies between observed and simulated DRE.
d. Methodology
The FLXHR-lidar dataset comprises 285 3 10 6 radiative flux profiles with near-global coverage (82.58S-82.58N) from July 2006 to April 2011. For quality control, profiles with incomplete or missing input data are removed from the dataset. Data are screened based on the quality control flags included in the dataset that test for the following criteria: high uncertainty or missing cloud water content (CWC), missing 2B-TAU data, missing CALIOP, missing MODIS data mapped to CloudSat profiles (MODIS-AUX), missing AMSR-E data mapped to CloudSat profiles (AMSR-AUX), or out-of-bounds flux observations. The specific criteria are described in greater detail in Table 14 of the CloudSat FLXHR-lidar data product documentation (Henderson and L'Ecuyer 2011) .
FLXHR-lidar estimates of DRE are partitioned by surface type and sky conditions to gain insight into the environmental factors that influence aerosol direct effects. Since bright surfaces enhance atmospheric warming from absorbing aerosols while dark surfaces enhance cooling from scattering aerosols, accurate assessment of aerosol direct effects requires knowledge of the underlying surface reflectance. The FLXHR-lidar algorithm accounts for land and ocean reflectance characteristics using surface albedo and emissivity data from the IGBP global surface classification. The IGBP global land cover classification is derived from a suite of observational MODIS products aboard the Terra and Aqua platforms. Land cover data are gridded at 2.58 spatial resolution to produce high-quality seasonal and annual global composites of 17 land cover types (Moody et al. 2005) . The surface of each FLXHR-lidar footprint is categorized as land or ocean. Since the shortwave albedo of sea ice is more representative of land rather than ocean, we group all pixels detecting land or sea ice in one category. Based on this classification, Earth's surface is 56% open ocean and 44% nonocean (i.e., land or sea ice) averaged globally.
Cloud phase, water content, and relative location to aerosol layers also exert influence on the radiative effects exerted by aerosols. Like a bright land surface, clouds may enhance atmospheric heating from absorbing aerosols or mask the cooling imposed by scattering aerosols (Chand et al. 2012; Soden et al. 2004) . In this study, sky conditions are categorized as clear sky or cloudy sky. Clear-sky conditions are assessed if neither CloudSat nor CALIPSO detects cloud or precipitation. If either CloudSat or CALIPSO detects cloud, however, the profile is labeled as cloudy sky. Based on column-integrated cloud optical depth derived from combined CloudSat and CALIPSO observations, cloudy-sky pixels are further classified as thin clouds (t , 1) or thick clouds (t . 1). The threshold choice of t 5 1 is arbitrarily chosen to separate optically thin cirrus from thicker convective anvils and liquid or mixed-phase clouds. Since thin clouds are more transparent to visible radiation, aerosol direct effects are often comparable to clear-sky conditions when thin cirrus is present. Table 2 summarizes estimates of annual-mean DRE from the FLXHR-lidar and CESM1(CAM5) datasets as partitioned by surface (land, ocean, and global) and sky conditions (clear sky, cloudy sky with thin clouds, cloudy sky with thick clouds, and all sky). Note that since both model-based and observation-based estimates of DRE derive from independent calculations with aerosol removed, the all-sky DRE can be reconstructed after this separation as the linear sum of the cloudy-sky DRE weighted by the cloud fraction and the clear-sky DRE weighted by the fraction of clear sky: ). Since open ocean comprises 56% of all observations, the global estimate is weighted toward the ocean value. Interestingly, the annual-mean DRE in clear skies is comparable over land and ocean despite significantly greater aerosol emissions from terrestrial sources. This suggests that the reduced contrast between aerosols and the higher albedo of land surfaces offsets the larger aerosol concentrations characteristic of continental regions (Myhre 2009 all-sky conditions, there are large discrepancies in the estimates of aerosol direct effects over certain surface types and sky conditions. Over land, the observed all-sky DRE is over 3 times stronger than the CESM-simulated DRE. This inconsistency in aerosol DRE over land is most pronounced in cloudy skies, because of an enhanced warming effect simulated in CESM as compared to FLXHR-lidar observations. This enhanced warming effect, which will be discussed in greater detail later in this section, largely offsets any cooling effect and results in a weaker modeled DRE over land. Over oceans, however, all-sky DRE estimates from CESM agree well with observations owing to compensating high and low biases in clear and cloudy skies, respectively. These differences are indicative of two important sources of uncertainty that will be illustrated more clearly in the regional analyses that follow. First, there are significant differences in the modeled and observed cloud cover, with CESM indicating 38% of all oceanic scenes being clear as compared to only 29% in the observations. Second, there are significant differences between modeled and observed estimates of clearsky and cloudy-sky DRE that may suggest uncertainties in aerosol amount, optical properties, or sampling biases introduced by differences in the specific scenes that contribute to cloudy-sky and clear-sky calculations. For example, since clear-sky DRE estimates are very sensitive to the solar zenith angle and aerosol optical properties, systematic biases in the frequency with which darker surfaces (e.g., tropical ocean) or scenes with higher aerosol loading enter the clear-sky calculations in CESM may cause systematic overestimates of clear-sky DRE relative to the observations, even if the aerosol properties are correctly prescribed in the model.
Global aerosol direct effects
Global estimates of clear-sky DRE from FLXHRlidar and CESM1(CAM5) datasets agree within 30%. However, the observed cloudy-sky DRE (21.4 W m 22 )
is more than twice as strong as the simulated cloudy-sky DRE (20.6 W m
22
). For estimates of cloudy-sky DRE, the magnitude of the radiative effect is influenced by the optical thickness of the cloud. Once observations are partitioned by cloud optical depth, it is evident that modeled cloudy-sky DRE agrees better with observed DRE in the presence of optically thick clouds. In particular, CESM-simulated cloudy-sky DRE over land is nearly equivalent to the observational estimate in the presence of thick clouds (10.8 W m
). Optically thin clouds, on the contrary, produce estimates of DRE that are in better agreement with clear-sky values.
This result is supported by Fig. 1 , which maps the spatial distribution of annual-mean DRE observed in the FLXHR-lidar dataset. Consistent with . Although absorbing aerosols residing over optically thick clouds may exert a net warming effect, it is also possible for above-cloud aerosols to exert a net cooling effect. If the aerosol optical depth is comparable in magnitude to the cloud optical depth, nonabsorbing aerosols may enhance the reflection of shortwave radiation. Negative aerosol direct effects are observed over the northeastern Atlantic, southeastern Pacific, and Arabian Sea where relatively high AOD is detected by CALIPSO observations (see Fig. 2 ). However, it is worth noting that large uncertainties may exist with DRE observations around cloud edges because of the possible misclassification of dust aerosol as cloud (Omar et al. 2009 ). Finally, Fig. 1b shows the global pattern of DRE in the presence of all clouds. Collectively, the maps from Fig. 1 highlight that aerosol direct effects are spatially heterogeneous and highly sensitive to cloud cover.
Global maps of all-sky DRE and total cloud fraction from FLXHR-lidar and CESM1(CAM5) datasets are compared in Fig. 3 . For consistency with the observationally derived cloud fraction estimates from CloudSat and CALIPSO, CESM-simulated cloud fraction is evaluated using the GCM-Oriented CALIPSO Cloud Product (GOCCP) that simulates what these satellites would observe if flying above an atmosphere similar to that predicted by the model (Chepfer et al. 2010 ). Both datasets are qualitatively consistent in their representation of aerosol direct effects on a global scale. In both observations and simulations, aerosols exert a cooling effect over dark ocean and a warming effect over bright deserts. The radiative effects of aerosols tend to be strongest near the equator as a result of higher solar insolation. On local scales, however, both the magnitude and pattern of modeled and observed aerosol direct effects are inconsistent. While FLXHR-lidar observes the strongest annual-mean DRE over ocean, CESM1(CAM5) simulates the strongest effects over land. In particular, CESM1(CAM5) significantly overestimates annual-mean DRE over northern Africa and underestimates annualmean DRE over southern Africa, which is likely due to a combination of errors in the strength of aerosol sources and optical properties over the region. This result is consistent with findings from Shindell et al. (2013) , who found that models from phase 5 of CMIP (CMIP5), including CESM1(CAM5), underestimate biomass burning emissions and overestimate absorbing AOD over the Sahara. Despite uncertainties in the aerosol optical properties and optical depth assigned to the satellite observations, even doubling AOD and systematically attributing all aerosols to smoke cannot account for these differences. In addition to uncertainties in aerosol properties, discrepancies between observed and simulated DRE over ocean also appear to be linked to the global distribution of clouds. Inconsistencies in the simulated pattern of aerosol direct effects are most evident in high pressure regions over subtropical ocean. Over these regions, CESM1(CAM5) simulates stronger aerosol direct effects than observed in the FLXHR-lidar dataset. Furthermore, the model simulates a lower cloud fraction compared to observations. Since reduced cloudiness over ocean enhances the cooling effect of scattering aerosols, modeled aerosol direct effects are thus strengthened by an underestimate in marine cloud cover.
While clouds are not the only source of DRE biases, cloud cover almost certainly contributes to model biases over some regions. These cloud cover biases in CESM are evident in the global cloudiness statistics. Although CESM1(CAM5) and FLXHR-lidar capture similar large-scale patterns in cloudiness, there are fewer clouds represented in the model. The global-mean cloud fraction is lower in the model (63%) than in observations (70%), which are based on five years of CloudSat and CALIPSO data. As displayed in Fig. 3 , clouds in the subtropics are especially underrepresented in the CESM simulation. In particular, CESM1(CAM5) greatly underestimates the geographical extent of marine stratocumulus clouds in the southeastern Pacific and southeastern Atlantic compared to satellite observations (Kay et al. 2012) . Given the strong radiative effects of marine stratocumulus, which cover about 20% of the globe and have a higher albedo compared to ocean, model biases in marine cloud cover likely affect regional estimates of aerosol radiative forcing (Albrecht 1989; Warren et al. 2007) .
Qualitatively, Fig. 3 suggests that aerosol direct effects are sensitive to cloud cover. Especially over ocean, stronger DRE coincide with low cloud fraction and weaker DRE coincide with high cloud fraction. In an effort to quantify this effect, Fig. 4a expresses the relationship between DRE and cloud fraction over global ocean. All estimates of DRE and cloud fraction are monthly averaged and evaluated at a 2.58 resolution. The trend of weaker DRE with increasing cloud fraction is consistent in both FLXHR-lidar and CESM1(CAM5). Both datasets show a similar sensitivity of DRE to cloudiness based on the slope of these lines. However, Fig. 4b indicates that CESM1(CAM5) samples about 10% fewer clouds over global ocean than CloudSat/ CALIPSO observations. In other words, the model is skewed more toward clear-sky values, which results in stronger negative DRE over ocean. These findings are consistent with Fig. 3 and suggest that model biases in DRE over ocean are driven primarily by errors in cloud cover as opposed to errors in aerosol properties.
Regional evidence of the importance of cloud cover
The role of cloud cover in modifying large-scale aerosol radiative effects has received much less attention in the literature than the alternate problem of aerosols modifying cloud radiative effects. Yet a growing body of evidence suggests that global models exhibit large errors in cloud cover over several regions (Bony et al. 2006; Jiang et al. 2012; Kay et al. 2012; Su et al. 2013 ) and recent studies demonstrate that clouds may have a profound influence on aerosol direct effects (Chung et al. 2005; Chand et al. 2009; Winker et al. 2010) . With new vertical structure information provided by active sensors in the A-Train, it is important to revisit this topic to document the potential effects of model cloud biases on simulations of aerosol radiative effects. To investigate these effects, CESM-simulated DRE is evaluated over the southeastern Pacific and southeastern Atlantic. These regions feature semipermanent marine stratocumulus clouds that are known to exert significant influence on the physics and dynamics of the climate system (Teixeira et al. 2011) . The sources of aerosols vary greatly over these regions, allowing the effects of cloud cover on scattering and absorbing aerosols to be contrasted.
a. Scattering aerosols in the southeastern Pacific
The southeastern Pacific is known for its wide variability in boundary layer, cloud, and aerosol properties. The region bounded by 358-58S, 1308-658W is adopted to include the full extent of marine stratocumulus clouds along the western coast of South America. The southeastern Pacific is a relatively clean marine environment characterized by contributions from both natural and anthropogenic aerosols, although anthropogenic aerosols predominate near the coast. Clean marine aerosols, consisting of complex mixtures of constituents from various origins, are composed primarily of sea salt and sulfate particles (Blot et al. 2013) . This is consistent with CALIPSO observations from Fig. 5 that show a dominant aerosol type of ''clean marine'' consisting of a mixture of sea salt and sulfate. Both sea salt aerosols, produced from the evaporation of sea spray, and sulfate aerosols, produced from the ocean release of dimethylsulfide (DMS), scatter solar radiation and exert a net cooling effect on climate (see Table 1 ). Figure 6 compares the spatial distribution of annualmean DRE and low cloud fraction from the FLXHRlidar and CESM1(CAM5) datasets. In this study, observed low clouds are identified as those with a cloudtop temperature warmer than 273 K. Figure 6c shows that observed low clouds from CloudSat/CALIPSO cover an extensive area over the southeastern Pacific. The effect of cloud masking results in weakened aerosol direct radiative effects over ocean (Soden et al. 2004) . Consequently, the observed aerosol direct effects are relatively weak and spatially uniform over the ocean, with a regional estimate of 21.9 6 0.6 W m
22
. In contrast to observations, CESM1(CAM5) simulates a regional estimate of 22.5 W m 22 as illustrated in Fig. 6b . CESM-simulated estimates of DRE exceed 25 W m 22 over an isolated area off the coast of Peru. While uncertainties in aerosol source strength cannot be ruled out, deficiencies in the spatial pattern of clouds almost certainly contribute to the excess model DRE over this region. Cloud cover influences aerosol radiative effects by modifying the albedo of the underlying surface. As shown in Fig. 6 , CESM simulates the strongest aerosol direct effects over areas with the least cloud cover. While the cooling effect of scattering aerosols over the dark ocean can be significant in clear skies, an increase in cloudiness reduces this cooling effect by providing a much brighter background and masking aerosol layers beneath cloud cover. Overall, CESM1(CAM5) simulates less cloud cover over the southeastern Pacific than observed by CloudSat and CALIPSO. Figure 6 shows that the meridional extent of low clouds off the coast of Peru is approximately 3 times greater in satellite observations (;3000 km) than the CESM simulation (;1000 km). Furthermore, the simulated low cloud fraction is consistently lower in CESM1(CAM5) (35.9%) than in FLXHRlidar observations (44.3%). This result is consistent with findings from Kay et al. (2012) , who found that CAM5 simulations underestimate the cloud fraction of marine stratocumulus. This reduction in marine stratocumulus cloud cover enhances the cooling effect exerted by scattering marine aerosols, thereby intensifying simulated aerosol radiative effects. The effect of cloud cover on aerosol radiative effects is further highlighted in the domain-averaged estimates of DRE. As summarized in Table 3 , the total aerosol direct effect from FLXHR-lidar observations is 21.9 W m In comparison, the model estimate of the total aerosol direct effect (22.5 W m
) is over 30% stronger than observations. This value is influenced by contributions from the simulated clear-sky DRE, which is nearly twice as strong as the observed clear-sky DRE. Furthermore, there is 10% more clear sky simulated in the model than observed by CloudSat and CALIPSO. While both datasets show good agreement in estimates of cloudy-sky DRE, large discrepancies exist in estimates of clear-sky DRE. The spatial coverage of marine stratocumulus in the southeastern Pacific, therefore, strongly influences the net radiative effect of scattering aerosols. Overall, the southeastern Pacific provides a perfect natural laboratory to investigate the role of cloud cover on aerosol radiative effects. While the predominantly scattering marine aerosols exert a net cooling effect over this region, the magnitude of this cooling effect is ultimately influenced by cloud cover. Marine stratocumulus clouds exert a strong influence in shaping the regional pattern of aerosol direct effects. While satellite observations identify an expansive cloud deck in the southeastern Pacific, CESM1(CAM5) simulates a cloud deck that is more spatially confined to the coast. Consequently, the CESM1(CAM5) overestimation of aerosol radiative effects in this region likely results from model biases in cloud cover.
b. Biomass burning in the southeastern Atlantic
The southeastern Atlantic features a greater diversity in aerosol sources than the southeastern Pacific. The present study defines the southeastern Atlantic as the region bounded by 258S-08, 108W-308E and includes the full extent of marine stratocumulus clouds along the western coast of Africa. Biomass burning, a major source of aerosols in southern Africa, is most active during the dry season lasting from July through October (Sakaeda et al. 2011) . Over 70% of fires in African savannas are anthropogenic and largely initiated for land clearing and land use change (Sheuyange et al. 2005) . In addition to smoke from biomass burning, polluted dust (an external mixture of dust and smoke) is another source of absorbing aerosols over the southeastern Atlantic. Based on CALIPSO observations in Fig. 7 , smoke and polluted dust are the two aerosol types that contribute the most to total AOD in the southeastern Atlantic. Unlike marine aerosols, however, smoke and polluted dust absorb solar radiation (see Table 1 ). Given the presence of a semipermanent marine stratocumulus cloud deck over the southeastern Atlantic, aerosol direct effects are therefore sensitive to the relative positions of aerosols and clouds. Figure 8 compares patterns of annual and seasonalmean DRE over the southeastern Atlantic from FLXHR-lidar observations and CESM simulation. The total aerosol direct effect averaged over the region is negative, indicative of a net cooling effect, although aerosols exert a localized warming effect off the coast of Angola. This region of positive DRE is consistent with the fact that elevated aerosols layers, advected by the mean flow, can be found at distances greater than 2000 km from the coast (Anderson et al. 2005) . The positive aerosol direct effects off the coast of Angola result from absorbing aerosol layers residing above bright clouds (Chand et al. 2009 ). While all aerosols exert a cooling effect over cloud-free ocean, only absorbing aerosols overlying clouds may exert a warming effect over ocean. Because of the presence of elevated absorbing aerosol layers and low-level clouds, the southeastern Atlantic is a region that frequently exhibits positive aerosol direct effects.
The columns of Fig. 8 illustrate the spatial patterns of observed DRE averaged over December-February (DJF), March-May (MAM), June-August (JJA), and September-November (SON). Since biomass burning in Africa is largely driven by the seasonal migration of the ITCZ, the magnitude of aerosol direct effects in the southeastern Atlantic varies by season. In DJF the observed aerosol direct effect over the southeastern Atlantic is 22.1 W m 22 with an uncertainty of 60.9 W m
22
. During this time, biomass burning is largely confined to northern Africa, while southern Africa experiences its rainy season. Consequently, there is limited production of smoke aerosols from December through May. As biomass burning intensifies during JJA, aerosols exert a stronger cooling effect over central Africa and a warming effect off the coast of Angola. Despite increased localized variability, the regional aerosol direct effect in JJA remains negative ( ). Despite this agreement in the annual mean, observations and simulations disagree on the spatial variability and seasonality of aerosol direct effects. Figure 8 shows that the model simulates an earlier onset of positive DRE off the coast of Angola. While it is more difficult to separate the relative contributions of uncertainties in aerosol properties from those due to differences in cloud cover, it is clear that the model representation of marine stratocumulus in the southeastern Atlantic is more spatially confined to the coast. This almost certainly contributes to aerosol FIG. 7 . Maps of annual-mean AOD over the southeastern Atlantic (258S-08, 108W-308E) as partitioned by CALIPSO aerosol classification types. Estimates of the regional mean are displayed in the top-right corner of each panel.
2998 direct effects that are more spatially confined to the coast. Moreover, the warming effect of aerosols is considerably stronger in the model than observations.
To further illustrate the role clouds play in modulating aerosol direct effects, Fig. 9 displays cumulative density functions of observed seasonally averaged DRE, as partitioned by sky conditions. The results illustrate that aerosol direct effects exhibit a seasonal cycle exclusively in cloudy skies. This seasonal cycle in DRE is more pronounced in the presence of thick clouds than thin clouds. Absorbing aerosols over optically thick clouds exert the strongest warming effect during SON, with 10% of observed DRE estimates larger than 110 W m
. The cloudy-sky DRE is 5 times more likely to be positive in SON than MAM. There is also greater variability in the range of cloudy-sky DRE observed during SON. This is consistent with Fig. 8 , which also shows the greatest spatial variability in aerosol direct effects in SON. Since low-level clouds intensify the warming effect of absorbing aerosols, changes in the distribution of marine stratocumulus clouds can change the sign of DRE from negative to positive (Chand et al. 2009 ). Consequently, estimates of aerosol direct effects over the southeastern Atlantic are highly sensitive to the relative positions of absorbing aerosols and marine stratocumulus clouds.
Given that marine stratocumulus clouds significantly influence the strength of aerosol direct effects in the southeastern Atlantic, it is worthwhile to compare the observed and modeled seasonal cycles of DRE and the cloud fraction of low clouds (cloud tops warmer than 273 K). Figure 10 plots a time series of the monthly-mean DRE, low cloud fraction, and AOD over the southeastern Atlantic. Both datasets report comparable estimates of the annual-mean DRE with monthly-mean values ranging between 23 and 11 W m
. While both datasets show a seasonal cycle in the total aerosol direct effect, observations and simulations disagree on the timing of this cycle. The observed DRE peaks in September, whereas CESM-simulated DRE peaks one month earlier in August. Cloud cover likely contributes to this timing of the seasonal cycle in DRE. Figure 10 shows that DRE becomes more positive as low cloud fraction increases during JJA at the onset of the biomass burning season. This result is consistent with Chand et al. (2009) , who found that the warming effect exerted by absorbing aerosols increases as cloud fraction increases. During JJA, low cloud fraction is consistently higher in CESM1(CAM5) simulation than CloudSat/CALIPSO observations. Accordingly, simulated aerosol direct effects are more positive in the model during this time period. While these differences in DRE may be attributed to many factors (e.g., aerosol optical depth, aerosol layer height, and aerosol optical properties), cloud cover appears to play a significant role in modulating DRE over subtropical ocean.
The observed and simulated estimates of the annual-mean DRE over the southeastern Atlantic are summarized in Table 4 . In the FLXHR-lidar observations, the regional estimate of the total aerosol direct because of the warming effect exerted by absorbing aerosols over clouds. Despite good agreement between the datasets in the all-sky DRE estimates, cloudy-sky DRE is negative in observations and positive in the model. Compared to FLXHR-lidar observations, CESM1(CAM5) overestimates the warming effect from aerosols. Shindell et al. (2013) found that CAM5 tends to underestimate emissions of biomass burning aerosols over southern Africa. This suggests that marine cloud cover strongly influences the radiative effects of absorbing aerosols. Since aerosol radiative effects depend on both aerosol type and albedo of the underlying surface, discrepancies between observed and simulated DRE are likely explained in part by differences in lowlevel cloud cover.
In summary, the two main ingredients for positive DRE over ocean-absorbing aerosols and underlying clouds-must both be present for aerosols to exert a warming effect on climate. The southeastern Atlantic is a unique location in that absorbing biomass burning aerosols often reside above bright marine stratocumulus clouds. The resulting warming effect serves to offset the cooling effect of aerosols over the comparatively darker ocean. However, the magnitude and sign of aerosol direct effects are highly sensitive to the precise relative location of aerosols and clouds. Because of unresolved biases in the model treatment of marine stratocumulus clouds and possibly the amount of biomass burning aerosols, there are uncertainties in modeled aerosol direct effects in the southeastern Atlantic. The ability to accurately simulate DRE over this region therefore requires a more realistic representation of the spatial and temporal variability of clouds in addition to improved representation of aerosol sources and optical properties.
Conclusions
It is well documented that the radiative effects of aerosols contribute to uncertainty in future climate predictions. Global assessments of aerosol direct effects remain challenging because of incomplete knowledge of aerosol characteristics on large space and time scales, especially in the presence of clouds and above bright surfaces. While the effects of aerosols on cloud radiative forcing have been extensively studied, the effects of clouds on aerosol radiative forcing have received much FIG. 9 . Cumulative density functions of seasonal-mean DRE over ocean in the southeastern Atlantic (258S-08, 108W-308E) as sorted by sky conditions from the FLXHR-lidar dataset. The beige shading highlights the spread of data within one standard deviation of the median. less attention, particularly on global scales, as a result of a lack of suitable observations.
While not immune to uncertainties, new multisensor observations from the A-Train satellite constellation provide key observational constraints necessary to identify and reduce uncertainties in model simulations of aerosol direct effects, especially those resulting from biases in the spatial and temporal distributions of clouds. CloudSat's new multisensor radiative fluxes and heating rates product leverages high-quality vertically resolved cloud and aerosol measurements critical to fill in the gaps in our understanding of aerosol radiative effects.
Using this dataset, the present study seeks to improve upon previous efforts to assess the representation of aerosol direct effects in models by providing observational estimates of aerosol direct effects in both clear and cloudy skies. The results provide guidance for evaluating the impact of model cloud biases on simulated aerosol direct effects.
The global annual-mean DRE estimated from the FLXHR-lidar dataset is 21.9 W m
22
, a value that is in better agreement with estimates from global models than previous satellite-based techniques. Uncertainty in this global-mean value is 60.6 W m 22 , owing primarily to misclassification of aerosol types (Omar et al. 2013 ) and uncertainty in aerosol optical properties. The results may also be subject to underestimation of thin aerosol layers, especially in the presence of clouds (Kacenelenbogen et al. 2014) , and misclassification of dense aerosol layers as clouds (Schuster et al. 2012) . These uncertainties may partially offset one another but are difficult to quantify given current satellite instrumentation. The combination of simultaneous backscatter and extinction measurements from multiwavelength High Spectral Resolution Lidar (HSRL) and phase function information from polarimeters being developed for the next generation of atmospheric composition satellites offers the potential to significantly reduce many of these sources of uncertainty in the near future. While CESM1(CAM5) captures many large-scale features in observed aerosol direct effects, several large regional discrepancies exist that appear to be at least partially linked to biases in model cloud cover. An underrepresentation of low-level clouds in the southeastern Pacific, for example, leads to overestimates of the cooling effects of scattering aerosols. Likewise, a poor representation of the seasonal cycle of cloudiness in the southeastern Atlantic causes the model to overestimate the warming effects of absorbing aerosols early in the biomass burning season. These case studies highlight the important role clouds play in modulating aerosol direct effects. While a number of studies have documented the need for improving aerosol sources and optical properties in global models, the impact of cloud biases on aerosol direct radiative effects has not been as widely discussed.
Given known uncertainties in model cloud cover and feedbacks, the results presented here suggest that the influence of clouds on aerosol radiative effects may represent an important source of uncertainty in regional climate predictions.
